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We demonstrate the full functionality of a circuit that generates single microwave photons on
demand, with a wave packet that can be modulated with a near-arbitrary shape. We achieve such
a high tunability by coupling a superconducting qubit near the end of a semi-infinite transmission
line. A dc superconducting quantum interference device shunts the line to ground and is employed
to modify the spatial dependence of the electromagnetic mode structure in the transmission line.
This control allows us to couple and decouple the qubit from the line, shaping its emission rate on
fast time scales. Our decoupling scheme is applicable to all types of superconducting qubits and
other solid-state systems and can be generalized to multiple qubits as well as to resonators.
I. INTRODUCTION
Quantum networks are a promising paradigm both for
quantum communication and quantum computation. A
quantum network consists of a set of quantum process-
ing nodes, between which quantum information is com-
municated using quantum channels [1]. Individual pho-
tons are promising information carriers between quan-
tum nodes given the robustness of their quantum states
and the possibility of traveling long distances, both in
the optical [2] and the microwave frequency domain [3].
For quantum networks and other purposes, single-photon
generators are therefore an enabling resource. A list of
desirable characteristics for a single-photon source in-
clude high-efficiency, on-demand (deterministic) opera-
tion, and low timing jitter in the emission. In order
to achieve maximum state transfer efficiency between
quantum nodes, it is also desirable to controllably shape
the photon wave packet, such that it matches the ab-
sorption profile of the receiving node [4]. Single-photon
sources have other applications beyond quantum com-
munication, such as preparing nonclassical states of har-
monic oscillators which can be used in certain quantum
error-correcting protocols [5].
Superconducting qubits are ideal candidates to be-
have as tunable single-photon sources in the microwave
domain. There have already been implementations of
single-photon sources made from qubits coupled to res-
onators [6–9], including circuits with tunable waveforms
[10–12]. While shown to be useful for specific applications
such as Hong-Ou-Mandel interferometry [13, 14], the us-
age of a cavity in these implementations intrinsically lim-
its the source to a single frequency. Working instead with
qubits directly coupled to propagating modes of radia-
tion enables the engineering of tunable, highly efficient
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single-photon sources [15]. In recent years, experiments
have demonstrated basic operations of a single qubit in-
teracting with propagating modes such as resonance fluo-
rescence [16], a single-photon router [17], quantum-state
filtering [18], and photon-mediated interactions [19, 20].
Recent experiments using transmission lines have demon-
strated a frequency-tunable single-photon source with a
flux qubit capacitively coupled to two semi-infinite lines
[21] and the correlated emission of photons at two dif-
ferent frequencies using a transmon qubit [22]. Both ex-
periments used fixed qubit-line couplings. Despite all of
the progress, no experiment to date has demonstrated a
qubit-line interaction that can be controllably switched
off, an important advantage in efficiently transferring
quantum states between remote nodes of a quantum net-
work [1]. Recent theoretical proposals have suggested the
use of a dc superconducting quantum interference device
as an adjustable impedance to modify the spatial profile
of vacuum fluctuations along a semi-infinite transmission
line [23, 24], thereby controlling the photon emission rate
of the qubit. The basic principle of this tunable-coupling
scheme was demonstrated in an earlier experiment [25],
but only with static tuning. Besides the relevant applica-
bility as a tunable single-photon source, a system with a
tunable interaction to a continuum of modes would allow
fundamental studies of light-matter interaction including
generalizations of the Lamb shift [26].
Here, we implement a superconducting circuit that
generates shaped single microwave photons on demand,
with low timing jitter and high efficiency. Our device
consists of a dc SQUID operating as a tunable shunt in
a semi-infinite transmission line, together with a capac-
itively coupled transmon qubit [27] positioned a specific
distance from the end of the line. The relative simplic-
ity of the device, compared to its high performance, is
enabled by the versatility and novelty of our tunable-
coupling scheme.
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2II. PRINCIPLE OF OPERATION
Our circuit consists of a semi-infinite transmission line,
the source line, with a dc SQUID acting as an inductive
shunt embedded at its end [see Fig. 1(a)]. The impedance
presented by the SQUID can be tuned with the applica-
tion of an external magnetic flux ΦSQ. In this config-
uration, the SQUID effectively behaves as an electrical
mirror with an adjustable position, which is complemen-
tary to a recent experiment where a qubit was instead
effectively moved by tuning its frequency [25]. We gal-
vanically connect a high-bandwidth transmission line, the
current line, to the SQUID loop to enable fast tuning of
ΦSQ. Using galvanic coupling maximizes the tuning for
a given amount of current, minimizing the amount of
dissipation produced by the applied current pulses. A
superconducting transmon qubit [27] is capacitively cou-
pled at a specific distance from the end of the source line.
A separate on-chip microwave line, the excitation line, is
weakly coupled to the qubit, enabling direct driving of
the qubit even when it is decoupled from the source line.
Ideally, the SQUID would present no impedance when
biased at zero flux, ZSQ(0) = 0, and would become an
open circuit at ΦSQ = Φ0/2 that is, Z(Φ0/2) → ∞. In
this case, the flux-dependent reflection coefficient of the
SQUID, ΓSQ = exp[iφ(ΦSQ)], would change its phase
from φ(0) = pi to φ(Φ0/2) = 0 [28]. In practice, the finite
impedance presented by the SQUID results in a phase
shift given by
tan[φ(ΦSQ)] =
2 Z0ωLSQ
[
1−
(
ω
ωSQ
)2]
1−
(
Z0
ωLSQ
)2 [
1−
(
ω
ωSQ
)2]2 . (1)
Here, Z0 is the impedance of the transmission line,
LSQ ≡ Φ0[2piIC | cos(piΦSQ/Φ0)|]−1 is the SQUID Joseph-
son inductance, and ωSQ = (LSQCSQ)
−1/2 is the SQUID
plasma frequency, with CSQ being the total SQUID ca-
pacitance. Equation (1) contains the ideal cases of a per-
fect short, LSQ = 0, and a perfect open circuit, LSQ =∞.
We can reexpress the total phase φ by separating the pi
phase of an ideal short circuit from the additional phase
due to the finite SQUID impedance, φ = pi − φSQ. The
phase is negative since we assume the line extends to-
wards x = −∞, as represented in Fig. 1(a). Following
from Ref. [29], the additional phase φSQ can be effec-
tively recast as an additional electrical length of the line
leff , with
φSQ = 2kleff , (2)
where k = ω/v is the wave number of a mode with fre-
quency ω and v is the speed of light in the transmission
line. Equation (2) shows how a SQUID can be used to
change the effective length of a transmission line [30]. In
the limit of small SQUID inductance, φSQ ' 2ωLSQ/Z0
and leff ' LSQ/L0, as in Ref. [29], with L0 being the
inductance per unit length of the line.
At a distance x from the end of the line, the round-
trip phase acquired by a wave with frequency ω =
2piv/λ propagating to the SQUID and back again is
θT (ΦSQ, ω, x) ≡ pi − φSQ − φL(x), with φL ≡ 4pix/λ =
2ωx/v. Owing to destructive interference, the volt-
age amplitude of a standing-wave mode will vanish
whenever θT (ΦSQ, ω, x) = pi. Crucially, this state-
ment applies equally well to vacuum modes and classi-
cal modes. A qubit with frequency ω01 positioned at
x will therefore be effectively decoupled from the line
when θT (ΦSQ, ω01, x) = pi. Defining the qubit wave-
length λ01 = 2piv/ω01, the decoupling point will be near
ΦSQ = 0 for x = λ01/2 or near Φ = Φ0/2 for x = λ01/4.
In the ideal case where Eq. (1) changes from pi to 0 as
the SQUID flux changes from 0 to Φ0/2, the electrical
length of the line effectively increases by λ/4. However,
the finite impedance of a real SQUID will reduce the total
phase shift, reducing the dynamic range of the qubit-line
coupling.
The interference just described also shapes the power
spectral density of the vacuum modes [25]. It becomes
S(ω) = 2~ω cos2
(
pi
2
− 2pix+ leff
λ
)
. (3)
By changing leff using the SQUID flux, we can therefore
change the vacuum spectral density seen by the qubit.
To understand how modifying the vacuum mode struc-
ture changes the effective coupling, we recall that any
quantum emitter coupled to a continuum of modes will
experience energy decay due to vacuum fluctuations of
the continuum. Following from Fermi’s “golden rule”,
the emission rate, Γ1, is proportional to the spectral den-
sity of modes at the emitter frequency, Γ1 ∼ S(ω01). It
was shown [25] that, for a transmon qubit in front of a
mirror, the precise relation is
Γ1 = Z0
( e
~
)2( Cs
CΣ
)2√
EJ
2EC
S(ω01). (4)
Here, Cs is the qubit-line capacitance, and CΣ = Cs +
CJ +Ce is the total capacitance including the qubit self-
capacitance CJ and the capacitance to control lines Ce.
EJ is the qubit Josephson energy and EC is the qubit
charging energy. With S(ω01) in the source line given by
Eq. (3), we see that the emission rate into the line can be
tuned by adjusting leff . In this work, we use this effect
to continuously tune Γ1 on short time scales by adjusting
ΦSQ.
In order to build an on-demand photon generator, we
first apply a magnetic flux through the SQUID that sets
S(ω01) = 0 exactly at the qubit position [the blue curve
in Fig. 1(a)], suppressing qubit emission into the line.
The qubit can then be prepared in an arbitrary state
by exciting it using the excitation line, which is always
coupled. Using the fast current line, a current pulse of
arbitrary shape modifies ΦSQ(t) in real time, which trans-
lates into a shift of the position of vacuum field nodes.
The qubit is then coupled to the vacuum fluctuations [the
3red curve in Fig. 1(a)] and spontaneously emits a photon
which contains the information of the qubit state in its
in-phase (I) and quadrature (Q) components [7]. As the
qubit-line coupling can be controlled in real time by the
SQUID current pulse, the emitted photons can be shaped
arbitrarily.
In our experiment, we use a single-junction, fixed-
frequency transmon to keep ω01 fixed. We could extend
our circuit’s capabilities to allow tuning of the frequency
of the emitted photons by using a standard tunable-
frequency transmon without modifying any of the pro-
tocols presented in this work.
III. DEVICE DESCRIPTION
The device is fabricated in three lithography steps. In
the first step, Pd e-beam markers are patterned using
UV lithography, followed by an evaporation of 5 nm of
Ti and 70 nm of Pd. We use Pd instead of the more
typical Au to avoid interdiffusion with Al. The first Al
layer containing the transmission line and control lines
is patterned with UV lithography. The thickness of the
evaporated aluminum is 100 nm. The final lithography
step contains the transmon qubit and the SQUID, which
is patterned using e-beam lithography. The evaporation
consists of two layers of 40 and 60 nm, with an oxidation
step in between with a pressure of 25 Torr for 15 min. In-
situ Ar milling is used prior to the junction evaporation
to guarantee good galvanic contact between the layers.
A micrograph of a device similar to the one measured
is shown in Fig. 1(b). The transmon qubit capacitively
couples to the source line over a length of 300 µm with
an estimated capacitance of Cs ≈ 28 fF [see Fig. 1(c)].
The distance from the center of the qubit capacitor to
the end of the line is L = 9.59 mm. The excitation line is
weakly coupled to one of the qubit capacitor plates with
Ce ≈ 0.9 fF. The current line galvanically coupled to the
SQUID loop is symmetrically split [see Fig. 1(d)]. The
mutual inductance of the SQUID-bias line is estimated
to be 4 pH.
Qubit spectroscopy can be performed directly by mea-
suring the reflection of a probing field [see Fig. 1(b)].
Alternatively, the qubit spectrum can be measured in
transmission by using the excitation line as the input
port. Using both methods, we measure a qubit fre-
quency of ω01/2pi = 3.690 GHz with anharmonicity
α/2pi = −141.7 MHz, yielding a total qubit capacitance
of CΣ = 136 fF, EJ/EC = 91, EJ/h = 12.9 GHz, and a
qubit critical current of IC = 26 nA.
We spectroscopically characterize the system by mea-
suring the reflection of a coherent signal off the circuit
with the reflection coefficient r ≡ 〈Vr〉/〈Vin〉, where 〈Vr〉
and 〈Vin〉 are the phase-sensitive averages of the reflected
and incident voltages, respectively. In Ref. [25], it was
shown that, for a weak probe,
r = −1 + Γ1
Γ2 + iδω
, (5)
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FIG. 1. (a) Sketch of the device operating principle. A
dc SQUID shunts the line to ground and a flux threading
it controls the profile of the rms amplitude of the vacuum
fluctuations. The field offset at Φ = 0 is due to the finite
SQUID impedance. We plot a single mode for clarity, but the
effect is broadband. A qubit of frequency ω01 = 2piv/λ01
is positioned near an odd number of quarter wavelengths,
L = (2n + 1)λ01/4. At Φ = 0, depicted in red, the qubit
is maximally coupled to the line, even though the field offset
lowers the maximum coupling as a function of the qubit wave-
length. At a particular decoupling flux Φ = Φdec, depicted
in blue, the qubit is decoupled from the line. (b) Optical
image of a device similar to the one used in the experiment
and the circuit schematic. The output from the source line is
amplified at different stages and digitized at room tempera-
ture. (c) Optical image of the single-junction transmon qubit
capacitively coupled to the transmission line. The excitation
line has a weak, fixed coupling to the qubit, allowing its state
to be controlled irrespective of the coupling strength to the
source line. (d) Optical image of the SQUID shunting the
source line to ground. The current line connecting from the
left is used to tune the SQUID flux ΦSQ in real time.
with Γ2 = Γ1/2 + Γφ being the total decoherence rate
and Γφ the pure dephasing rate. δω = ω01 − ωd is the
drive detuning from the qubit frequency ω01. Γ1 is the
emission rate of the qubit into the transmission line and
therefore quantifies the qubit-line coupling strength.
Figure 2 shows qubit decay rates extracted from spec-
troscopy measured in reflection, as a function of ΦSQ.
When ΦSQ is an integer multiple of Φ0, the qubit ex-
hibits a maximum decay rate Γ1/2pi = 1.9 MHz. Within
a flux period, there are two points where the decay rate
is observed to approximately vanish, Φ
(1)
SQ/Φ0 = 0.39 and
Φ
(2)
SQ/Φ0 = 0.61. At these flux values, the qubit signal is
lost, indicating a clear decoupling from the source line.
At these points, the driving field does not excite the qubit
4and the signal is fully reflected. The modulation of Γ1 is
a signature of the tunability of the qubit-line interaction.
The observed maximum and minimum of Γ1 allow us to
FIG. 2. Extracted qubit decay rates. The qubit emission rate
into the source line, Γ1 (the black squares), and the total de-
coherence rate, Γ2 (the red circles), are obtained from Eq. (5).
The pure dephasing rate Γφ is calculated as Γφ = Γ2 − Γ1/2.
All three rates tune with flux, showing a clear modulation
of the qubit–source line coupling strength. The blue trace is
a fit using Eqs. (1), (4), and (6), including SQUID junction
asymmetry.
place a bound on the on or off ratio of the decoupling
mechanism at approximately 35. The qubit frequency is
also modulated with the external flux by a small amount
(not shown), even though this is a single-junction trans-
mon qubit. This frequency shift will be the study of
future work [31].
According to Eq. (4), the maximum emission rate us-
ing the estimated Cs should be 26 MHz. As explained
in Sec. II, the maximum tuning range of the device is
limited by the finite SQUID impedance. For this reason,
we are not able to tune the device to this ideal maximum
coupling rate.
The fact that the maximum observed emission rate
occurs near an integer number of flux quanta (Fig. 2)
indicates that the length of the line is close to λ01/4. The
observed recovery of the emission rate at ΦSQ/Φ0 = 0.5
permits us to calculate the total length of the circuit.
The decoupling point lies 0.11Φ0 away from Φ0/2, which
corresponds to 22% of Φ0/2. Therefore, the length of the
line is L = λ01/4+0.22λ01/4 = 9.49 mm, which is within
100 µm of the designed value. The fact that the emission
rate vanishes in Fig. 2 is consistent with a positive length
offset. With a negative length offset, the emission rate
would never vanish. The mismatch in length from λ01/4
reduces the dynamic range of the maximum emission rate
Γ1 even further. In a future device, this mismatch could
be circumvented with a frequency-tunable qubit.
The form of the power spectral density can be modified
to accommodate for the length mismatch with a phase
offset φoff . Setting φL/2 = (λ/4)(4pi/λ)/2+φoff = pi/2+
φoff in Eq. (3), the power spectral density becomes
S(ω) = 2~ω cos2(φSQ/2− φoff). (6)
Using Eqs. (1), (4), and (6) we can very accurately fit
the emission rate (the blue curve in Fig. 2) to extract the
device parameters influencing the dynamic range of Γ1.
The fit requires introducing asymmetry between the two
SQUID junctions, which is typical in real SQUIDs. The
extracted critical currents of the SQUID junctions are
IC1 = 30 ± 1 nA and IC2 = 46 ± 1 nA. We also extract
CSQ = 33± 1 fF. The qubit-line coupling capacitance is
Cc = 31.0±1.2 fF, which is close to the calculated value.
The reduced dynamic range of the emission rate can then
be fully explained by the finite SQUID impedance, the
SQUID junction asymmetry, and line length mismatch.
Using a larger critical current junction and a tunable-
frequency qubit allows us to increase the dynamic range
and, therefore, the on or off ratio of the photon genera-
tor.
The pure dephasing rate Γφ clearly modulates along
with the qubit-line coupling until saturating at a value of
Γφ/2pi ≈ 0.7 MHz in the range of flux ΦSQ/Φ0 = 0.9−1.1.
We do not currently have a clear explanation for this
dependence.
IV. DRIVEN-QUBIT DYNAMICS
We can also see the tunability of the qubit–source line
coupling in the real-time dynamics of the qubit when
a coherent microwave control pulse is applied. Our de-
tected signals correspond to the quadratures of the field
emitted by the qubit 〈I(t)〉, 〈Q(t)〉, where the expecta-
tion value is evaluated for the qubit state at the time
of emission. Each individual time trace is typically aver-
aged 106 times. As was already demonstrated in previous
work using a transmon qubit coupled to a resonator [6, 7],
the qubit coherence is mapped to the state of the emitted
photon. Following the standard result from input-output
theory [6], given the existing direct relationship between
the qubit emission operator 〈σ−〉 and the quadratures
of the emitted field 〈(a ± a†)〉 [32], a maximum of the
recorded signal corresponds to the qubit in a superposi-
tion state on the equatorial plane of the Bloch sphere,
such as |±〉 = (|0〉 ± |1〉)/√2.
Figure 3(a) shows Rabi oscillations of the qubit biased
at two different bias points with significantly different
coupling to the source line, while Fig. 3(b) shows the
free decay of the qubit after a pi/2 pulse. The Rabi os-
cillations are obtained by integrating free-decay traces
such as those in Fig. 3(b) at different Rabi pulse lengths.
The integrated value is then normalized to the number of
points. In all traces in Fig. 3, the signal is maximized by
digitally rotating it into the I quadrature. The red data
points in Figs. 3(a) and 3(b) correspond to ΦSQ/Φ0 = 0.
The observed Rabi oscillations at ΦSQ = 0 in Fig. 3(a)
decay with a characteristic time of TR = 110 ns. The
emitted qubit signal is maximum after a pi/2 pulse since
5we are recording the qubit quadratures and therefore the
qubit coherence 〈σ−〉 as explained above. The qubit free
decay in Fig. 3(b) at ΦSQ = 0 is T
∗
2 = 81 ns when pre-
pared in a superposition state. This decay time corre-
sponds to a decay rate of Γ2/2pi = 1.96 MHz, which is
consistent with the spectroscopic value of Γ2 in Fig. 2.
The discrepancy between the two measurements is likely
due to phase drift between the microwave generators used
to record the time-domain data that appear as additional
dephasing, or fluctuations in T1. The blue data points in
Figs. 3(a) and 3(b) correspond to ΦSQ/Φ0 = −0.45. The
Rabi oscillations observed in Fig. 3(a) are clearly longer
lived compared to those at ΦSQ/Φ0 = 0, indicating a
lower qubit–source line coupling. The decay of the Rabi
oscillations at this bias point is TR = 470 ns, about 4
times longer than the decay at ΦSQ/Φ0 = 0. The free
decay of the qubit signal in Fig. 3(b) is measured to be
T ∗2 = 370 ns. In both Figs. 3(a) and Fig. 3(b), the ampli-
tude of the qubit signal at ΦSQ/Φ0 = −0.45 is lower than
the signal at ΦSQ/Φ0 = 0. This is another clear indica-
tion of the modulation of the qubit–source line coupling
strength.
To demonstrate the nonclassical nature of the emit-
ted radiation, we record the second moment of the emit-
ted field which corresponds to the emitted power 〈P 〉 ≡
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FIG. 3. Qubit dynamics at two operating flux bias points with
higher (red) and lower (blue) qubit–source line coupling rate.
(a) Rabi oscillations. The Rabi decay times, TR, differ by a
factor of 4.3. The upper axis indicates the angle of the qubit-
state rotation on the Bloch sphere. (b) Free induction decay of
the qubit state after a pi/2 pulse. The decay rate is enhanced
4.6 times between the two bias points. The enhanced coupling
of the qubit into the line is further evidenced by a larger qubit
signal for the shortest-lived traces, for both the free decay and
the Rabi oscillations.
〈(I2 + Q2)〉. Figure 4 shows the evolution of 〈I〉 and
〈P 〉 during Rabi oscillations. Two traces are shown with
the first (black) and second (red) moments of the driven
qubit biased at ΦSQ/Φ0 = −0.45, where the decay time
is long. The signal is averaged over 2.5× 107 repetitions,
as 〈P 〉 is rather noisy. Each data point of the power
oscillation is the result of subtracting a background off-
set which fluctuates from trace to trace. The clear os-
cillatory pattern recovered after all of those averages is
a manifestation of the coherence of the radiation emit-
ted by the qubit. The phase of the power oscillation
is clearly offset by approximately pi/2 with respect to
the quadrature amplitude oscillation, as is expected for a
single-photon emitter such as our transmon qubit. For a
coherent state, one would expect 〈I2c 〉 = 〈Ic〉2; therefore,
power and amplitude should oscillate in phase. By con-
trast, for the qubit state cos(θ/2)|0〉+sin(θ/2)|1〉, we get
[32] 〈Iq〉 ∼ 〈σ−〉 ∼ sin θ and 〈Pq〉 ∼ 1 + 〈σz〉 ∼ 1− cos θ,
consistent with the observations in Fig. 4. This is strong
evidence that the source of photons is nonclassical [6].
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FIG. 4. Power and quadrature oscillations of emitted radia-
tion from the driven qubit. Black circles represent the mea-
sured I quadrature amplitude, while red circles correspond
to the second moment of the emission, the emitted power
〈P 〉 = 〈(I2 +Q2)〉. The solid curves are sinusoidal fits to the
data. The two curves are offset by (0.58±0.08)pi, which rules
out a coherent state and provides strong evidence for single-
photon emission. The upper axis indicates the angle of the
qubit-state rotation on the Bloch sphere.
V. TRIGGERED PHOTON GENERATION
As mentioned in the Introduction, triggered photon
emission is important for transferring quantum states in
a quantum network with high efficiency.
In order to demonstrate triggered photon emission
with our circuit, we add a current pulse through the
current line [see Fig. 1(b)]. The current pulse tunes
φSQ(ΦSQ) in Eq. (1), allowing fast tuning of the qubit–
source line coupling strength. The external field is first
set to zero, ΦSQ = 0, where the qubit is strongly cou-
pled to the line, as shown in Fig. 2. Figure 5 shows a
schematic of the pulse scheme. A square current pulse is
6applied to bring the qubit to the decoupling bias point.
Then, a pulse in the excitation line energizes the source.
(For these experiments, we use a pi/2 pulse to maximize
the emitted quadrature signal, although a pi pulse would
be used to produce a pure single photon.) The excitation
can now be stored for a maximum of the intrinsic relax-
ation time of the qubit T1,i. At a desired time, the current
pulse returns the qubit to a strongly coupled point, where
the excitation is emitted with a “jitter” corresponding to
the emission time of the qubit T1 at that bias point.
Figure 5 shows the observed emission pattern following
the pulse scheme just described. Each trace corresponds
to a different storage time. The traces are vertically dis-
placed for clarity. At a delay time of 0.5 µs, a peak
is always detected which corresponds to the excitation
pulse leaking into the source line. The first trace shows a
decaying tail of 81 ns immediately after the driven pulse.
This signal corresponds to the emission of this particular
device when it is excited at the bias point with maximum
qubit coupling to the line. The emission pattern is simi-
lar to previous observations of single-photon sources with
fixed coupling [6, 21, 22]. In the rest of the traces, the
qubit excitation is stored for a controlled amount of time.
The emission of the qubit can still be detected with delay
times of up to 2 µs for this particular device, demonstrat-
ing a triggered emission of photons on demand.
The ratio of the storage time and the jitter time is
a figure of merit for an “on-demand” source. First, it
is useful to be able to separate in time the excitation
pulse and the single-photon emission, e.g., because the
excitation pulse can blind detectors. Second, in appli-
cations where photon timing is important, the emission
time of the photon T1 represents a jitter (uncertainty) in
the effective emission time. Minimizing the jitter at fixed
coupling, however, limits the preparation fidelity, as the
qubit partially decays during the excitation pulse. The
minimization of jitter time in combination with a long
storage time is therefore an important advantage of our
photon generator over other implementations.
In future work, the scheme is to be combined with
a frequency-tunable qubit. This combination will allow
the color of the emitted photons to be changed without
compromising the emission efficiency, as is the case in
other proposed single-photon source schemes based on
qubits in cavities.
VI. SHAPED-PHOTON GENERATION
The qubit emission can be further controlled in real
time by sending shaped current pulses through the cur-
rent line. In this way, the qubit emission rate Γ1[ΦSQ(t)]
can be adjusted nearly arbitrarily. Recent theoretical
work [23, 33] studied how the controlled emission then
produces a known photon wave packet with amplitude
ξ(t). Figure 6 displays several examples of measured
shaped-photon emission. Figure 6(a) shows the expo-
nentially decaying signal from a sharp-edged dc SQUID
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FIG. 5. On-demand single-photon generation. The pulse
sequence begins by bringing the qubit to the decoupling point
by pulsing current through the SQUID and then exciting the
qubit with a pi/2 pulse. The qubit emission is triggered by
ending the current pulse through the SQUID, bringing the
qubit back to a strongly coupled point. The peak registered
near 0.5 µs is the excitation pulse partially leaking into the
measurement chain circuit.
current pulse, which is the same profile observed in Fig. 5.
Figure 6(b) displays a nearly symmetric signal achieved
by modulating the trailing edge of the dc pulse by an in-
verted exponential. Figure 6(c) shows the emission from
an inverted cubic exponential which resembles a time-
reversed version from the original exponential pulse in
figure 6(a). Our electronics are limited in this experi-
ment, so we simply adjust the parameters of the function
generator by hand to produce the best-looking output
waveform. However, with a more sophisticated arbitrary
waveform generator, a more advanced algorithm could
be used to produce arbitrary wave packets [34]. As men-
tioned in the Introduction, the ability to produce shaped
pulses controllably is very relevant for the good absorp-
tion of photon pulses by distant nodes of a quantum net-
work.
VII. PHOTON GENERATION EFFICIENCY
Finally, we can use our ability to control the photon
emission to directly measure the intrinsic qubit coherence
times which are necessary to calculate the photon gener-
ation efficiency. Adapting a technique developed at NEC
[32], we first apply a pi pulse to the qubit at the decou-
pling point which excites it in the state |1〉. The qubit
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FIG. 6. Shaped-photon generation. (a)–(c) Emission of the
source given differing current modulations f(t), sketched with
the black traces above the data. The solid blue lines repre-
sent the targeted waveforms. (a) Emitted qubit voltage with
a sharp falling edge. The qubit emission is clearly exponen-
tial. (b) Same as (a) but using a falling exponential edge. The
qubit emission looks to be nearly symmetric. (c) The falling
edge of the SQUID current pulse is an inverted cubic expo-
nential. The qubit emission in this case approaches the time
reverse of the emission in (a). The signal recorded 1 µs prior
to the qubit emission corresponds to the excitation pulse.
excitation decays with its intrinsic rate Γ1,i = 1/T1,i
due to the microscopic environment, which we refer to
as nonradiative decay. This decay may include emission
into other transmission lines, such as the excitation line,
even though we estimate that channel loss to be negligi-
ble. Our observations cannot rule out that the qubit at
the decoupling point has a remaining but small coupling
to the source line, limiting the intrinsic relaxation time
T1,i. After a varying delay τ , a pi/2 pulse is applied to
the qubit to rotate it onto the σx − σy plane, followed
by a current pulse which brings the qubit to a strongly
emitting bias point. The pi/2 pulse converts the remain-
ing qubit population into a detectable field quadrature
amplitude, as was shown in Fig. 3. The integrated signal
shown in Fig. 7(a) for a varying delay leads us directly
to an intrinsic relaxation time T1,i = 2.86 µs, which is a
typical value for a transmon qubit with a nonoptimized
geometry.
Similarly, we can obtain the intrinsic dephasing time
of the qubit T ∗2,i by biasing it at the decoupling point
and exciting it directly with a pi/2 pulse, as shown in
Fig. 7(b). By controlling the delay time between the pi/2
pulse and the end of the current pulse, we directly mon-
itor the leftover qubit coherence. The integrated signal
leads us to T ∗2,i = 1.33 µs, which is also in agreement
with other experiments using planar transmon devices in
resonators [6, 7, 9, 10]. The obtained coherence times are
compatible with a pure intrinsic qubit dephasing time of
Tφ,i = 2.49 µs.
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FIG. 7. Intrinsic qubit coherence properties. (a) The intrinsic
relaxation time T1,i and (b) the free induction decay time T
∗
2,i
of the qubit are measured at the decoupling point following
the pulse sequence indicated in the figure. (a) In order to
measure T1,i, a resonant pi pulse is delayed from a pi/2 pulse
that projects the qubit state onto the equatorial plane at the
end of the sequence [32]. When the SQUID current pulse ends
the qubit spontaneously emits and its coherence properties are
translated into the field quadrature amplitudes I and Q. (b)
The sequence to measure T ∗2,i requires only a pi/2 pulse that
excites the qubit in a superposition state at the decoupling
point followed by a time delay from the end of the SQUID
current pulse which enables the qubit emission. The fact that
T ∗2,i < 2T1,i indicates the presence of a significant amount of
intrinsic pure dephasing Γφ,i = (1/2.49) µs
−1.
As explained in Sec. VI, a figure of merit of an on-
demand photon generator is the ratio of the storage
time to the jitter. For our device, we can take the in-
trinsic relaxation time, T1,i, as the storage time and
the minimum relaxation time, T1, jit, as the jitter. For
this particular device, the shortest observed decoherence
time is the value T2 = 81 ns obtained in Sec. VI, lead-
ing to T1, jit = 63 ns using the dephasing value from
Fig. 2. Combined with the measured T1,i = 2.86 µs from
Fig. 7(a), we obtain a ratio of T1,i/T1, jit ≈ 47.
In order to estimate the efficiency of our circuit as a
single-photon source, we perform a numerical calculation
of the Lindblad master equation of a driven transmon
using QuTip [35] with the T1,i and Tφ,i values measured.
We computed the efficiency of the source as the fidelity
F to produce the targeted state ρ given the generated
state σ, F = Tr [(√ρσ√ρ)1/2]. Our calculation also
takes into account state preparation errors from leak-
age into higher transmon states [36], a finite tempera-
ture of Teff = 90 mK determined from a separate exper-
iment [37], and parasitic decay into the excitation line.
With a simple Gaussian preparation pulse, our estimated
state preparation fidelity is 92% for both |ψ〉 = |1〉 and
|ψ〉 = (|0〉 + |1〉)/√2. After a 100-ns storage time (the
second lowest trace in Fig. 5), the total efficiency of the
generated propagating state, including decoherence dur-
8ing the emission time, is calculated to be 90% for gener-
ating a Fock state |1〉 and 88% for generating an equal
superposition (|0〉+|1〉)/√2. For a 1-µs storage time (the
uppermost trace in Fig. 5), the calculated efficiencies are
74% and 73% for |ψ〉 = |1〉 and |ψ〉 = (|0〉 + |1〉)/√2,
respectively. We would like to emphasize that our source
efficiency is limited neither by contamination from con-
trol photons nor decay during state preparation, as was
the case in previous implementations [6, 21].
As has already been shown possible [38], the planar
transmon circuit design can be engineered to enhance
the values of the intrinsic coherence times in the tens
of microseconds range. In addition, the qubit-line inter-
action strength can also be increased using alternative
techniques from recent transmon-resonator experiments
[39].
VIII. CONCLUSIONS
In this work, we demonstrate the on-demand genera-
tion of single photons using a superconducting transmon
qubit capacitively coupled to a transmission line. We
show that the qubit-line interaction can be tuned by con-
trolling the magnetic flux threading a dc SQUID, which
acts as an inductive shunt at the end of the transmission
line. The coupling can be tuned in real time, allowing the
production of arbitrarily shaped single microwave pho-
tons with high fidelity. Our decoupling scheme can be
directly implemented with other types of superconduct-
ing qubits, such as flux and fluxonium qubits, and also
other solid-state qubits such as quantum dots [40]. The
technique developed in this work can be generalized to
circuits with multiple qubits for the on-demand genera-
tion of many-body quantum states of radiation, includ-
ing superradiant states. The decoupling scheme can be
equally applied to resonators, potentially enabling the
implementation of recent robust quantum communica-
tion protocols for microwave thermal fields [3], comple-
menting existing methods of controlled photon emission
[41].
ACKNOWLEDGEMENTS
We acknowledge B. L. T. Plourde for providing access
to the evaporator at the University of Syracuse for fabri-
cation of the aluminum Josephson circuits and J. J. Nel-
son and M. Hutchings for their assistance. We also ac-
knowledge our fruitful discussion with S. R. Sathyamoor-
thy and J. Combes. We acknowledge NSERC of Canada,
Industry Canada, the Canadian Foundation for Innova-
tion, and the Ontario Ministry of Research and Innova-
tion for funding. P. F.-D. is currently supported by a
Beatriu de Pino´s fellowship.
[1] H. J. Kimble, The quantum internet, Nature (London)
453, 1023 (2008).
[2] B. Hensen, H. Bernien, A. E. Dre´au, A. Reiserer,
N. Kalb, M. S. Blok, J. Ruitenberg, R. F. L. Vermeulen,
R. N. Schouten, C. Abella´n, W. Amaya, V. Pruneri,
M. W. Mitchell, M. Markham, D. J. Twitchen, D. Elk-
ouss, S. Wehner, T. H. Taminiau, and R. Hanson,
Loophole-free Bell inequality violation using electron
spins separated by 1.3 kilometres, Nature (London) 526,
682-686 (2015).
[3] B. Vermersch, P.-O. Guimond, H. Pichler, and P. Zoller,
Quantum State Transfer via Noisy Photonic and
Phononic Waveguides, Phys. Rev. Lett. 118, 133601
(2017); Ze-Liang Xiang, Mengzhen Zhang, Liang Jiang,
and Peter Rabl, Intracity Quantum Communication via
Thermal Microwave Networks, Phys. Rev. X 7, 011035
(2017).
[4] J. I. Cirac, P. Zoller, H. J. Kimble, and H. Mabuchi,
Quantum State Transfer and Entanglement Distribu-
tion among Distant Nodes in a Quantum Network,
Phys. Rev. Lett. 78, 3221 (1997).
[5] Nissim Ofek, Andrei Petrenko, Reinier Heeres, Philip
Reinhold, Zaki Leghtas, Brian Vlastakis, Yehan Liu,
Luigi Frunzio, S. M. Girvin, L. Jiang, Mazyar Mirrahimi,
M. H. Devoret, and R. J. Schoelkopf, Extending the life-
time of a quantum bit with error correction in supercon-
ducting circuits, Nature (London) 536, 441 (2016).
[6] A. A. Houck, D. I. Schuster, J. M. Gambetta,
J. A. Schreier, B. R. Johnson, J. M. Chow, L. Frun-
zio, J. Majer, M. H. Devoret, S. M. Girvin, and
R. J. Schoelkopf, Generating single microwave photons
in a circuit, Nature (London) 449, 328 (2007).
[7] D. Bozyigit, C. Lang, L. Steffen, J. M. Fink, C. Eich-
ler, M. Baur, R. Bianchetti, P. J. Leek, S. Filipp,
M. P. da Silva, A. Blais, and A. Wallraff, Antibunching
of microwave-frequency photons observed in correlation
measurements using linear detectors, Nat. Phys. 7, 154
(2011).
[8] C. Eichler, D. Bozyigit, C. Lang, L. Steffen, J. Fink, and
A. Wallraff, Experimental State Tomography of Itinerant
Single Microwave Photons, Phys. Rev. Lett. 106, 220503
(2011).
[9] W. F. Kindel, M. D. Schroer, and K. W. Lehnert, Gen-
eration and efficient measurement of single photons from
fixed-frequency superconducting qubits, Phys. Rev. A 93
033817 (2016).
[10] M. Pechal, L. Huthmacher, C. Eichler, S. Zeytinoglu,
A. A. Abdumalikov, Jr., S. Berger, A. Wallraff, and
S. Filipp, Microwave-Controlled Generation of Shaped
Single Photons in Circuit Quantum Electrodynamics,
Phys. Rev. X 4, 041010 (2014).
[11] Yi Yin, Yu Chen, Daniel Sank, P. J. J. O’Malley,
T. C. White, R. Barends, J. Kelly, Erik Lucero, Mat-
teo Mariantoni, A. Megrant, C. Neill, A. Vainsencher,
J. Wenner, Alexander N. Korotkov, A. N. Cleland, and
John M. Martinis, Catch and Release of Microwave Pho-
ton States, Phys. Rev. Lett. 110, 107001 (2013).
9[12] J. Wenner, Yi Yin, Yu Chen, R. Barends, B. Chiaro,
E. Jeffrey, J. Kelly, A. Megrant, J. Y. Mutus, C. Neill,
P. J. J. O’Malley, P. Roushan, D. Sank, A. Vainsencher,
T. C. White, Alexander N. Korotkov, A. N. Cleland, and
John M. Martinis, Catching Time-Reversed Microwave
Coherent State Photons with 99.4% Absorption Effi-
ciency, Phys. Rev. Lett. 112, 210501 (2014).
[13] C. K. Hong, Z. Y. Ou, and L. Mandel, Measurement of
Subpicosecond Time Intervals between Two Photons by
Interference, Phys. Rev. Lett. 59, 2044 (1987).
[14] C. Lang, C. Eichler, L. Steffen, J. M. Fink, M. J. Woolley,
A. Blais, and A. Wallraff, Correlations, indistinguishabil-
ity and entanglement in Hong-Ou-Mandel experiments at
microwave frequencies, Nat. Phys. 9, 345 (2013).
[15] D. Roy, C. M. Wilson, and O. Firstenberg, Colloquium:
Strongly interacting photons in one-dimensional contin-
uum, Rev. Mod. Phys. 89, 021001 (2017).
[16] O. Astafiev, A. M. Zagoskin, A. A. Abdumalikov Jr.,
Yu. A. Pashkin, T. Yamamoto, K. Inomata, Y. Naka-
mura, and J. S. Tsai, Resonance fluorescence of a single
artificial atom, Science 327, 840 (2010).
[17] Io-Chun Hoi, C. M. Wilson, Go¨ran Johansson, Tauno
Palomaki, Borja Peropadre, and Per Delsing, Demonstra-
tion of a Single-Photon Router in the Microwave Regime,
Phys. Rev. Lett. 107, 073601 (2011).
[18] Io-Chun Hoi, Tauno Palomaki, Joel Lindkvist, Go¨ran Jo-
hansson, Per Delsing, and C. M. Wilson, Generation of
Nonclassical Microwave States Using an Artificial Atom
in 1D Open Space, Phys. Rev. Lett. 108, 263601 (2012).
[19] Io-Chun Hoi, Anton F. Kockum, Tauno Palomaki,
Thomas M. Stace, Bixuan Fan, Lars Tornberg, Sankar
R. Sathyamoorthy, Go¨ran Johansson, Per Delsing, and
C. M. Wilson, Giant Cross-Kerr Effect for Propa-
gating Microwaves Induced by an Artificial Atom,
Phys. Rev. Lett 111, 053601 (2013).
[20] Arjan F. van Loo, Arkady Fedorov, Kevin Lalumie`re,
Barry C. Sanders, Alexandre Blais, and Andreas Wall-
raff, Photon-mediated interactions between distant arti-
ficial atoms, Science 342, 1494 (2013).
[21] Z. H. Peng, S. E. de Graaf, J. S. Tsai, and O. V. Astafiev,
Tuneable on-demand single-photon source in the mi-
crowave range, Nat. Commun. 7, 12588 (2016).
[22] Simone Gasparinetti, Marek Pechal, Jean-Claude Besse,
Mintu Mondal, Christopher Eichler, and Andreas Wall-
raff, Correlations and Entanglement of Microwave Pho-
tons Emitted in a Cascade Decay, Phys. Rev. Lett. 119,
140504 (2017).
[23] Sankar Raman Sathyamoorthy, Andreas Bengtsson,
Steven Bens, Michae¨l Simoen, Per Delsing, and Go¨ran
Johansson, Simple, robust, and on-demand generation of
single and correlated photons, Phys. Rev. A 93 063823
(2016).
[24] K. Koshino, and Y. Nakamura, Control of the radiative
level shift and linewidth of a superconducting artificial
atom through a variable boundary condition, New J.
Phys. 14, 043005 (2012).
[25] I.-C. Hoi, A. F. Kockum, L. Tornberg, A. Pourkabirian,
G. Johansson, P. Delsing, and C. M. Wilson, Probing
the quantum vacuum with an artificial atom in front of
a mirror, Nat. Phys. 11, 1045 (2015).
[26] W. E. Lamb, Jr. and R. C. Retherford, Fine structure of
the hydrogen atom by a microwave method, Phys. Rev.
72, 241 (1947).
[27] Jens Koch, Terri M. Yu, Jay Gambetta, A. A. Houck,
D. I. Schuster, J. Majer, Alexandre Blais, M. H. De-
voret, S. M. Girvin, and R. J. Schoelkopf, Charge-
insensitive qubit design derived from the Cooper pair
box, Phys. Rev. A 76, 042319 (2007).
[28] David M. Pozar, Microwave Engineering (John Wiley &
Sons, New York, 2005).
[29] J. Johansson, G. Johansson, C. M. Wilson, and F. Nori,
The Dynamical Casimir Effect in a Superconducting
Coplanar Waveguide, Phys. Rev. Lett. 103, 147003
(2009).
[30] C. M. Wilson, G. Johansson, A. Pourkabirian,
M. Simoen, J. R. Johansson, T. Duty, F. Nori, and
P. Delsing, Observation of the dynamical Casimir effect
in a superconducting circuit, Nature 479, 376 (2011).
[31] P. Forn-Dı´az et al., (to be published).
[32] A. A. Abdumalikov, Jr., O. V. Astafiev, Yu. A. Pashkin,
Y. Nakamura, and J. S. Tsai, Dynamics of Coherent and
Incoherent Emission from an Artificial Atom in a 1D
Space, Phys. Rev. Lett. 107, 043604 (2011).
[33] John E. Gough, Matthew R. James, Hendra I. Nur-
din, and Joshua Combes, Quantum filtering for systems
driven by fields in single-photon states or superposition
of coherent states, Phys. Rev. A 86, 043819 (2012).
[34] Y. Shalibo, R. Resh, O. Fogel D. Shwa, R. Bial-
czak, J. M. Martinis, and N. Katz, Direct Wigner To-
mography of a Superconducting Anharmonic Oscillator,
Phys. Rev. Lett. 110, 100404 (2013).
[35] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP: An
open-source PYTHON framework for the dynamics of
open quantum systems, Comput. Phys. Commun. 183,
1760 (2012); QuTiP 2: A PYTHON framework for the
dynamics of open quantum systems, 184, 1234 (2013).
[36] J. M. Chow, L. DiCarlo, J. M. Gambetta, F. Motzoi,
L. Frunzio, S. M. Girvin, and R. J. Schoelkopf, Optimized
driving of superconducting artificial atoms for improved
single-qubit gates, Phys. Rev. A 82, 040305(R) (2010).
[37] P. Forn-Dı´az, J. J. Garc´ıa-Ripoll. B. Peropadre, J.-L. Or-
giazzi, M. A. Yurtalan, R. Belyansky, C. M. Wilson, and
A. Lupascu, Ultrastrong coupling of a single artificial
atom to an electromagnetic continuum in the nonper-
turbative regime, Nat. Phys. 13, 39 (2017).
[38] R. Barends, J. Kelly, A. Megrant, D. Sank, E. Jeffrey, Y.
Chen, Y. Yin, B. Chiaro, J. Mutus, C. Neill, P. O’Malley,
P. Roushan, J. Wenner, T. C. White, A. N. Cleland, and
John M. Martinis, Coherent Josephson Qubit Suitable for
Scalable Quantum Integrated Circuits, Phys. Rev. Lett.
111, 080502 (2013).
[39] Sal J. Bosman, Mario F. Gely, Vibhor Singh, Alessandro
Bruno, Daniel Bothner, and Gary A. Steele, Multi-mode
ultra-strong coupling in circuit quantum electrodynam-
ics, npj Quantum Inf. 3, 46 (2017).
[40] X. Mi, J. V. Cady, D. M. Zajac, P. W. Deelman, and
J. R. Petta, Strong coupling of a single electron in sil-
icon to a microwave photon, Science 355, 156 (2017);
A. Stockklauser, P. Scarlino, J. V. Koski, S. Gasparinetti,
C. K. Andersen, C. Reichl, W. Wegscheider, T. Ihn,
K. Ensslin, and A. Wallraff, Strong Coupling Cavity
QED with Gate-Defined Double Quantum Dots Enabled
by a High Impedance Resonator, Phys. Rev. X 7, 011030
(2017).
[41] Wolfgang Pfaff, Christopher J. Axline, Luke D. Burkhart,
Uri Vool, Philip Reinhold, Luigi Frunzio, Liang Jiang,
Michel H. Devoret, and Robert J. Schoelkopf, Controlled
10
release of multiphoton quantum states from a microwave
cavity memory, Nat. Phys. 13, 882 (2017).
